Detection of damage to reinforced-concrete structures using piezoelectric smart aggregates
Introduction
Structural Health Monitoring (SHM) is a multidisciplinary engineering area that deals with innovative methods for monitoring the safety and reliability of structures, and their integrity and characteristics, without affecting the structure or impeding its normal operation [1] . Structural Health Monitoring can be either passive or active. The paper presents an Active Structural Health Monitoring System (ASHMS) based on wave propagation and the use of piezoelectric (PZT) actuators/sensors. The ASHMS uses PZT sensors that are embedded or glued to the surface of the structure in order to monitor generation of damage, its further propagation, location, size and severity, and the effects damage can cause to the reliability and safety of structures. In the most general terms, damage can be interpreted as a variation created in a system that exerts a negative impact on its current or future operation [2] . In this way, damage separates two states of a structure, the initial state that is often considered undamaged, and the state with the created damage. The ASHMS assisted by PZT sensors detects generation of damage if there is a reading in the two mentioned structural states -the initial undamaged state and the damaged state. Damage can occur in reinforced concrete structures for a number of reasons, which are a consequence of mechanical influences involving external load, chemical processes occurring during concrete hardening, weather and material fatigue effects, or hazardous loads such as earthquakes. The ASHMS of reinforced concrete structures must be capable of detecting damage regardless of its cause, position, size and orientation. In recent years, the use of piezoelectric elements for active monitoring of reinforced concrete structures has been expanding and gaining an important position among the contemporary methods whose practical implementation may be expected in the future. In this context, experimental investigations of the mentioned ASHMS of RC structures with PZT SA were conducted, and their applicability for damage detection and multifunctionality was confirmed. The PZT SA were used to determine early strength of concrete in situ, and impact force in the event of vehicle collision with the RC structure, for active detection of damage, and for structural status monitoring [3, 4] . The detection and localization of errors and damage, which occur while carbon strips are glued onto reinforced-concrete beams, are presented in paper [5] . The method for detecting irregularities in the bond between reinforcement and concrete, using piezoelectric sensors inserted in the RC structure, is also presented [6] . The detection of damage to RC frame structures caused by dynamic action, in the case of bridge beams, RC walls, and piles, is experimentally analysed and presented in papers [7] [8] [9] [10] .
PZT smart aggregates can be used for new structures by building them into individual elements, fixing them to the reinforcement or formwork at pre-designed locations, and with a defined orientation. However, these sensors can also be used for the existing buildings and, in such cases, they can be built into the slots specially designed for that purpose. Afterwards, the slots with the fitted PZT SA are filled with cement milk. Apart from placing smart aggregates into elements of the existing buildings, they can also be glued onto the element surface. Dimensions of piezoelectric elements used for that purpose ranges in most cases from 1cm to 2cm, and they can be either circular or square in form. They are fitted into a small concrete block cylindrical or cuboid in shape, depending on the form of the PZT element used. The diameter or side length of the block varies from 4cm to 8cm, and it is later fixed to the reinforcement or formwork of the element that is being built in. Development of numerical models for PZT SA, and for propagation of waves through RC, can be of great importance for the development of the method, and for practical implementation of these models for the detection, localization and determination of damage size. Numerical models of PZT SA, and the models of wave propagation through concrete beams in damaged and undamaged condition, are presented in paper [11] using the explicit finite elements methods (EFEM). Numerical model of PZT SA for monitoring shear seismic stresses in structures using d 15 piezoelectric mode is presented in paper [12] , while the model for monitoring normal seismic stresses is developed and presented in paper [13] . The use of software package ANSYS to model PZT elements and propagation of waves through concrete beam elements for the purpose of damage detection is presented in papers [14, 15] . According to available relevant literature, some studies have been made for the purpose of developing numerical models. However, such studies are scarce, which has been a motive for writing this paper. This paper presents very efficient numerical models that use EFEM to model propagation of waves through RC structures, as well as a parametric analysis of the damage index variation depending on crack position, crack size and crack orientation, so as to enable better understanding of the relationship between the damage index and the mentioned variable parameters.
Damage detection

Piezoelectric smart aggregates (PZT SA)
PZT SA have been developed for the purpose of incorporating piezoelectric elements into reinforced concrete (RC) structures. PZT SA are fitted by providing the PZT element with an appropriate waterproofing to protect it from dampness effects, by connecting it to the wiring, and by fitting it into a small concrete block. In this way, a very brittle and sensitive PZT patch is protected from dampness effects GRAĐEVINAR 68 (2016) 5, 371-380
Detection of damage to reinforced-concrete structures using piezoelectric smart aggregates and mechanical shocks that can occur during construction of a RC structure and during subsequent service life. The PZT SA is fitted into a RC element at an exactly determined position with a predefined orientation, which is most frequently realized by attaching it to reinforcement bars. Piezoelectric elements present a number of advantages such as: simplicity of application, low cost, fast response, high reliability, multifunctionality, resistance to chemically aggressive substances, and resistance to radioactivity and UV radiation. There are also some deficiencies: output voltage is very low requiring the use of amplifiers, high impedance, sensitivity to dampness and shocks (which is countered by making PZT SA elements waterproof and shockproof), need for a large number of PZT elements for monitoring status of a structure. Piezoelectricity is a phenomenon whereby an electric voltage is generated when a material is exposed to mechanical stress (direct effect) or, conversely, creation of mechanical deformations as a response to exposure of a material to electrical stress (counter-effect). For linear piezoelectric materials, constitutive equations of the relationship between mechanical and electric variables are presented in the matrix form [16] (1) (2) where: {S}, {T} -vector of mechanical strains and stresses {E}, {D} -vector of electric field and electric displacement field q -temperature {a}, { } -coefficient of thermal expansion and coefficient of piezoelectric stress
[g] -matrices of piezoelectric stress and strain constants [b] -matrices of dielectric constants [s] -matrix of proportionality.
Equation (1) is also called the actuator equation and it is used to predict the magnitude of strain caused by the imparted stress, electric field and temperature. Contrary to that, equation (2) represents the equation of the sensors used to predict electric voltage resulting from the imparted stress, electric displacement field, and temperature.
Principle of method based on wave propagation
The piezoelectric counter effect is used for actuators to enable wave propagation through a reinforced concrete element. By applying electrical voltage in an extremely short time signal (tone burst Hanning windowed signals), or continuously through time (sweep sine signals), the static condition is disturbed and the wave propagation is initiated. Contrary to that, a direct piezoelectric effect is used for sensors, i.e. to receive the incoming wave and convert the mechanical wave into electrical voltage that reads as a sensor output signal. If damage develops in a structure, it will cause variations in wave propagation through the RC element, i.e. the wave that reaches the sensor will have less energy than the reference wave from an undamaged structure (Figure 1.a) . By monitoring variations of the output signal from the PZT SA sensor, it is possible to detect initiation of damage and its further propagation. Owing to its piezoelectric properties (direct and contrary piezoelectric effects), the same PZT SA can be used as both the actuator and sensor, which can considerably reduce the number of piezoelectric patches for monitoring status of a RC structure.
Numerical wave propagation modelling
Wave propagation modelling based on the standard finite element method is very inefficient for the numerically demanding models. In order to overcome this problem, efficient, reliable and sufficiently accurate methods must be used in numerical analysis. One of such methods is the explicit finite elements method (EFEM). The EFEM makes use of the central difference method for calculating displacements, velocities and accelerations in the form presented in equations (3) and (4): The solution in the time moment tt + Δt uses the equilibrium in time t and tt -Δt, which classifies this method among explicit integration methods. This integration method does not require factorizing the rigidity matrix in each time increment, as it is the case with the implicit method, but is in fact performed only at the beginning of the calculation, which significantly reduces the simulation calculation time. Numerical efficiency of the EFEM is not only due to implementation of the explicit integration procedure, but also to the use of the diagonal mass matrix, whose inverse matrix can be determined very quickly. For the same time increment, the implicit FEM provides a more accurate solution in comparison with the explicit FEM. However, due to its high efficiency the EFEM can use a large number of small time increments and provide the desired accuracy of the solution considerably faster than the implicit method. The explicit procedure performs integration through time employing the central difference method and certain number of small time increments, which must satisfy a stable solution, i.e. the time increment employed in the model must be lower than the critical:
where: ω max -maximum frequency ΔL -the least characteristic length of the finite element c L -wave propagation velocity.
The number of finite elements per one wavelength (n) is a very important characteristic of the model and it has a considerable effect on the accuracy of the solutions. It is recommended that n should not be lower than 7 for modelling propagation of lower frequency waves, while the values from 10 to 20 should be assumed for the very short impulse loads. When high frequency waves entering the ultrasonic range are modelled, there is a problem of a large number of finite elements in the model which, from the engineering point of view, represents very small models requiring very powerful computers with a high memory capacity. This problem can be solved by modelling the part of the model that is interesting for the analysis, which would be bordered by the absorbing layer using increasing damping (Absorbing layer using increasing damping -ALID) [17] . By using this method, the reflection of the waves from the limits of the models, which does not exist in actual large beams, is eliminated.
Wavelet signal analysis and formation of damage index
The output signal S of the sensor can be decomposed into 2 n signals designated as {X 1 ,X 2 ,...,X 2 n }, whereby every signal can be represented in the following manner: (7) where: m -epresents the number of recorded (measured) time signal data n -represents the level of wavelet signal decomposition, n=3 is assumed in the paper.
Wavelet signal decomposition provides two singles called the approximation and the detail. The approximation provides information about lower signal frequencies, and the detail about higher frequencies. The energy of output signal approximations for the models presented in this paper are multiple times higher than the energy of the details. Since the damage index is based on the monitoring of the output signal energy variations, the approximations were more important in this analysis than the details. The energy of decomposed signals can be represented by the following expression:
Where: i-is the time index and j-is the frequency range (j=1,2,...,2 n ). By calculating the energy of all decomposed signals, the energy vector can be calculated for an RC element in the undamaged state E h as well as for an element in the damaged state E o :
The damage index based on the output signal energy variation is formed as a root-mean-square-deviation:
The damage index (DI) can have values from 0 for an undamaged structure to 1 for a totally damaged structure when the wave can not reach the sensor. Also, it can be concluded from equation (11) that the higher the difference between the output signal energy of a damaged and an undamaged RC structure, the higher the damage index. Based on this fact, it is possible to monitor the damage of a RC structure over time, by monitoring variation of the damage index. GRAĐEVINAR 68 (2016) 5, 371-380
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Models
Geometrical characteristics
The analysed model is a reinforced-concrete element measuring 0.6x0.2x0.2 m, with the 4Ø20 reinforcement and with two PZT SA (Figure 2) . A parametric analysis of the damage index variation was performed, depending on the position (L p ), size (H p ), and orientation (a p ) of the crack in the mentioned RC element. A total of 80 models were analysed, and their characteristics and designations are presented in tables 1 and 2. The position of the crack was varied from 0.15 m to 0.45 m, with the increment of 0.05 m. The crack lengths of 0.05, 0.08, 0.11 i 0.14 m were analysed, as well as the crack angles from 60 º to 120 º with 10 º counterclockwise increments.
FEM modelling principle
The PZT SA on the left side of the beam was used as an actuator to perform the wave propagation, while the right side PZT SA was used as a sensor. The PZT SA model was made using the software package ABAQUS/STANDARD taking into consideration electromechanical characteristics of piezoelectric materials, and using the combination of mechanical equilibrium and the equation of equilibrium of electrical flux. Mechanical equilibrium is presented with the equation (12): (12) where is: σ -Cauchy stress t -sliding of the point in the plane f -force per volume unit, The electrical flux equilibrium is presented with the following equation: (13) where: q -electrical flux Displacements obtained as a consequence of imparting electrical voltage onto the PZT element were used as an input parameter for wave propagation modelling, using the ABAQUS/EXPLICIT software package. The displacement variation function used in the analysis is the 3.5-cycle Hanning windowed tone burst signal with the duration of 3.5e -5 sec and central frequency of 100 kHz. The modelling method, employing standard and explicit FEM represents the modelling procedure used in paper [11] which was verified by an experiment involving concrete beams. Concrete and reinforcement were modelled as linear-elastic materials, and their characteristics are presented in Table 3 . The contact between the concrete and reinforcement was defined with the aid of the Tie Constraint surface contact available in ABAQUS/EXPLICIT analysis with the potential for rotational degrees of freedom. The crack was modelled as an opening in the model, with the thickness of a finite element, and with the length and orientation defined separately for each individual model. The use of the finite-element irregular forms was required for making the grid around the slant cracks. The total duration of the simulation was T sim = 0.001 (s), and the adopted time increment was Δt = 2e -7 (s), which satisfies the critical time increment. The applied finite elements (FE) were C3D8R eightnode prismatic FE with reduced integration and Hourglass control. Twelve finite elements per one wavelength were adopted. An approximate size of the FE used in the presented models was 0.0025 m, which required around 1700000 FE for modelling the analysed RC elements.
Results and discussion
The wave propagation through reinforced concrete elements with and without damage is presented in figures 3-5. The Other waves pass near the cracks, propagating through the RC element and reaching the PZT SA sensor. The models with crack lengths of 0.11 and 0.14 m are characterized by the delay of the waves directly coming to the sensor, which is not the case with the models having cracks of 0.05 and 0.08 m. This can be explained by the fact that the cracks longer than 0.1 m pass through the PZT SA actuator-sensor direction. Figures 6 and 7 show damage index values for the analyzed models, depending on the crack position, length, and orientation. The values are presented on the geometry of numerical models in order to monitor more easily the change of the damage index for the models with vertical ( Figure 6 ) and slant cracks ( Figure  7 ). It can be seen in Figure 6 that change of the damage index as related to the crack position is not drastic, and that the values most frequently differ up to several percent only (Table 4) . Also, the shape of the damage index variation is convex for the models with the crack length of 0.05 m, while the shape is concave in case of the models having crack lengths of 0.11 and 0.14 m. The model with the crack length of 0.08 m has approximately the same damage index values, with the mildly convex trend. Based on the results obtained in such way, it can be concluded that Detection of damage to reinforced-concrete structures using piezoelectric smart aggregates the DI variation is approximately convex if the crack is smaller than the PZT SA actuator-sensor direction, while the variation is approximately concave for the crack values larger than this position. The observed phenomenon is in the direct relation with the position of the PZT SA actuator and sensor, geometry of RC element, position of reinforcement in the beam, and the position and size of the damage. Due to all these parameters affecting variation of DI, it is not possible to provide a rule of the damage index variation function depending on the position, length, and orientation of the crack.
In case of the model with slant cracks (Figure 7 ), the variation of damage index depending on the gradient of the cracks does not exceed 5 % except in the case of the models M 9-2 and M 15-2. Also, the models with vertical cracks do not exceed the mentioned percentage except for the models M 7-2 and M 6-2. A small percentage of DI variation depending on the position and orientation of the crack leads to the conclusion that DI is in direct relation to the size of the crack, position of the PZT SA actuator-sensor, and the RC beam geometry, and that it does not greatly depend on the position and orientation of the damage. The presented damage detection based on wave propagation and PZT SA does not provide potential for determining position of the damage, and its size and orientation. Thus, further work is needed in order to develop the methods which will provide an answer to these questions and improve the existing method.
Conclusion
The procedure for active monitoring of the status of RC structures, and for detection of damage based on wave propagation, using piezoelectric smart aggregates placed within the structure, is presented in the paper. Smart aggregates are very up-to-date multifunctional devices characterized by low cost, very fast response, wide frequency range, simple use, and high resistance to weather effects, radioactivity, UV radiation and chemically aggressive substances. Damage development is monitored using a one-dimensional damage index based on the "wavelet" signal analysis. The paper presents original numerical models depicting wave propagation through RC beams with or without damage, using the explicit finite element method characterized by an excellent efficiency. Also, a parametric analysis of the damage index variation was performed, in relation to the length, position and orientation of cracks in RC beams. On the basis of the obtained Dragoslav Stojić, Tamara Nestorović , Nemanja Marković, Radovan Cvetković, Nikola Stojić results, it can be concluded that the change of the damage index in relation to the position and orientation of the crack does not exceed several percent in most models. The damage index value can range between 0, in case of an undamaged structure, to 1, in case of a completely damaged structure, and is mostly dependent on the size of the damage, regardless of its position or its orientation.
The damage index directly depends on the position of the PZT SA sensor-actuator, size, frequency and location of damage, geometry of RC beam, and position of the reinforcement. A certain dependence of the damage index variation on the position of the crack and its gradient was observed on the basis of the parametric analysis conducted in this paper.
